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I - TWO-DIMENSIONAL COMPRESSION-RAMP INLETS
WITH SEMICIRCULAR COWLS

By Alfred 8. Valerino

SUMMARY

An experimental investigation was conducted to determine the per-
formance of twin-scoop side inlets located on the fuselage of a proposed
gircraft in a region of large boundsry-layer thickness. Inlet configu-
rations with subsonic and supersonic cowlings which utilized two-
dimensional compression ramps and ram-type scoops for boundary-layer-
removal systems were investigated at free-stream Mach numbers of O,
0.63, and 1.5 to 2.0.

Significant galns in pressure recovery with a slight effect on drag
were achieved by removing the entire boundary layer upstream of the
inlets. The decrease in effective boundary-layer removel caused by the
chenges in the thickness of thé boundary layer accounted for a la.rge
portion of the losses in total pressure at angles of attack.

Use of a sharp lip cowling pensalized the pressure recoverles of
the inlet at take-off and at a free-stream Mach pumber 6f 0.63. At
free-stream Mach numbers of 1.5 and 2.0 and at an angle’of attack
of 3°, the increase in drag of the 14° ramp inlet with & rounded 1lip
resulted in the equivalent of a 7 percent decrease in the ideal thrust
of a typical engine.

INTRODUCTION

The pressure recoveries of side or aft inlets, which are usually
located in a distorted flow fleld and in a region of boundary-layer
air, have been considerably lower than those obtained with well-designed
nose inlets (reference 1). The investigations reported in references 2
end 3 demonstrate that pressure recoveries compareble to those of
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well-designed nose inlets could be obtained by the removal of all the
boundary layer ehead of & half-conical splke inlet located in a uni-
form flow field. However, the application of these results to inlets
located in a nonuniform flow field and to inlets other than the conical
type has not been demonstrated.

A general side-inlet study was conducted in the NACA Lewist8- by
6-foot supersonic tunnel to determine the aerodynamic characteristics
of several types of supersonic side inlet with boundery-~lsyer control
mounted in & distorted flow field on a proposed sirplane fuselage. A
comparison of the performance of the inlet configurations investlgated
is summarized in reference 4. A detailed presentabtion of the results
obtained from the study of semicircular cowl inlets with two-dimensional
compression ramps is reported herein. The epplication of these results
to the inlet-turbojet engine matching problem is discussed in
reference 5. '

The investigation was conducted through a range of angle of attack
from 0° to 12° at Mach numbers of O, 0.63, and 1.5 to 2.0. The Rey-
nolds number, based on the length of the fuselage shead of the lnlets,
was approximstely 29 x10% 1n the supersonic Mach number range. At a
free-stresm Mach number of 0.63, the corresponding Reynolds number wease
approximately 19x106.

SYMBOIS

The following symbols are used in this report:

A ares

CD model forebody dreg coefficient based on meximum body cross-
sectional area of 1.784 sq £t

D forebody drag

Fn engine net thrust

h height of boundary-layer ram scoop

M Mech number

1] mass flow

P total pressure

p: pitot pressure

-------
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P static pressure

a angle of attack

S boundary-layer thickness
Subscripts:

B boundary layer

c caﬁopy survey statlon, station 67.5
cr critical

max maximum

P lip plus ramp projected area

8 entrance to boundary-layer ram scoop
0 free stream

1 diffuser entrance station

2 diffuser discharge station

APPARATUS AND PROCEDURE

Several twin-scoop inlet configurations mounted on a one-fourth
scale model of the forward portion of a fuselage of & supersonic air-
craft were investigated. The inlet axes were canted down 2° with
respect to the fuselage axis because of the estimated cross flow
effects at cruising condition in flight, angle of attack of 3°.

The inlets were located symmetrically about the vertical center

line in the upper quadrants of the fuselage, aft of the oblique shock
generated by the pilot's canopy. A photograph end a schemastic dia-
gram of the model, including representative crose sectlions, are pre-
sented in figures 1 and 2, respectively.

The semicircular scoop inlets reported herein utilized two-
dimensional compression ramps for decelerstion of the air and ram
scoops, which spanned the inlets, for removal of the boundery-layer
ailr. The air entering the twin inlets was diffused through two
separate and identical ducts. The boundary-leyer air likewise flowed
through two separste and identical constant-ares ducts which changed
from a nearly rectangular cross section at the entrance to a circular
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cross section at the exit (see fig. 2). Schemstic dliegrams of the
inlets designed to operate at a flight Mach number of 2.0 are shown in
figure 3. A notation system consisting of two numbers and & letter
will be used herein for the ‘discussion of these inlets: (1) an angle
to designate the ramp angle, (2) an R or 8§ to designate either a
rounded subsonic cowl 1lip or a sharp supersonic cowl lip (figs. S(b)
and 3(c)), end (3) a number indicating the height, in inches, of the
boundary-layer ram scoop. The letter O (for opens following the scoop

height h indicates that approximately 2% inches of the sides of the

ram scoops, aft of the leading edge of the ramp, were removed for
inlets with & scoop height of 0.44 inch or that approximately S inches
"of the ram scoop sides were removed for inlets having a scoop helght
of 0.80 inch.

Tnlets having ramp angles of 6°, 13°, and 14° were investigated.
The inlet configuration 13°-R-0.44 shown in figure 3((1) was designed
from subsonic comsiderations. Its ramp had an initial slope of 13°
for e distance of 1 inch and then curved into the subsonic portion of
the diffuser. The ramps of the other inlets were linear to the plane
of the cowl 1ip. Inlets 14°-R-0.80(0) and 14°-8-0.80(0) shown in fig-
ures 3(f) and 3(g), respectively, had a scoop helght of 0.80 inch
which, due to model construction limitetions, was obtained by moving
the ramp lesding edge forward 2.375 inches. -The supersonic cowling of

inlet 14°-8-0.80(0} (fig. 3(g)) wes moved forward 1 inches to inter-

cept the oblique shock emsneting from the leading edge of the ramp. A
photograph of the 14°-5-0.80(0) inlet is presented in figure 4,

The 14° and 6° ramps were used to simulate two positions of a
variable-geometry type inlet (reference 5). The ramps were faired to
the exlsting floor of the diffuser aft of station 74.75. The internal
ares varlations of the inlets are presented in figure 5.

The mess flows through the inlets and the boundery-layer ducts
were varied by means of remotely comtrolled plugs attached to the model
sting. A three component strain-gage balance which measured the
internel duct forces, fuselage drags, and model base forces, but not
the forces acting on the plugs, was used to determine the drag char-
acteristics. The drag presented is defined as the internal thrust
developed, minus the strain-gage balance force, minus the base force.
The thrust developed is the change in momentum of the air pessing
through the inlets from the free stream to the diffuser exit (sta-
tion 97.25 of fig. 3(a)). Base forces were computed by obtaining the
base ares and the average base pressures from 13 static-pressure
orifices located on the base of the model (section E-E of fig. 2).
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Instrumentation in one of the two inlet ducts included 3 inlet
rekes with 12 to 24 total-pressure tubes, located aspproximately 3 inches
behind the cowl 1lip, from which the average total pressures at the
entrance of the inlet were evaslusted by an area weighting method. The
diffuser discharge stations of both inlet ducts were lnstrumented with
8 wall static orifices and 8 radial rskes located at 45° intervals and
conslsting of 33 total-pressure tubes located at the centers of equal
areas. The instrumentation at the exit of boundary-layer ducts con-
sisted of 4 equally spaced radial rskes with 9 total-pressure tubes and
4 wall static orifices. The average total pressures at the diffuser
and boundary-lsyer-duct discharge statlions were also determined by an
area weighting method and were used to calculate the mass flows based
on a choked exit at the control plugs. The mass flow ratlios of the
inlets presented herein are based on the mass flows computed for the
inlet duct with instrumentation at only the diffuser discharge station.
Flow conditions upstream of the inlets (station 67.5) were surveyed
by means of 5 wall static orifices and 5 removdable rekes, each having
7 total-pressure tubes and each projecting 3 inches from the canopy
surface.

The investigation at a Mach number of 0.63 was conducted by oper-
ating the tunnel subsonically. For simulating take-off conditions,
inlet air was induced by attaching the model to the tunnel exhsuster
equipment.

Much of the experimental data were obtained at an angle of attack
of 3°, which was selected as the cruise angle of abtack of the model.
Since the axes of the inlets were canmbed down 2° with respect to the
fuselage axis, the inlebs were at an angle of attack of 1° with respect
to the free stream. A survey of the flow deflection approximastely
1 inch upstream of the leading edge of the ramp indicated that the
estimated average flow deflection angle for an angle of attack of 3°
at a free-stream Mach number MO of 2.0 was 1° 34' with respect to
the inlet center line. The flow deflections were obbained by use of
two wedge bars of 8° half angle, each having two impact tubes and two
static-pressure orifices. Schematic diagrams of the wedge bar instal-
lation as well as & summary of the survey are shown in figure 6. The
canopy Mach number M, tabulated in figure 6 1s the average Mach num-
ber obtalned from the two total-pressure tubes and static-pressure
orifices.

An additional survey of the flow conditlions on the canopy st sta-
tion 67.5 was conducted to determine the thickness of the boundary
leyer ehead of the inlets. The results of this study are presented
in figure 7 as lines of constant total-pressure recoveries for My
of 2.0 and 1.5 at an angle of attack of 3°. The static pressures on
the canopy surface were obtained with the canopy rakes removed and
were assumed to be constant 3 inches from the canopy surface. . Using
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these statlc pressures and the measured pitot pressures, the canopy
Mach numbers M, were estimated and the pressure ratios Pc/Po were
computed. The assumption of constant static pressures ylelded pressure
recoveries Pc/PO greater than unity outside the boundary layer. How-
ever, the boundary-layer thicknesses were not appreclably affected.

The representative cenopy Mach numbers M. obtained from the survey
are listed in the followlng table:

Mo M
2.0 | 1.83
1.9 | 1.74
1.7 | 1.57
1.5 | 1.39

The boundary-layer thickness 8, which is indicated by the dashed
line, was estimated to be 0.80 inch at My of 2.0. This value of the
boundary-layer thickness agrees closely with the approximstion obtalned
from the flat-plate theory reported in reference 6.

The mess flow ratio, total-pressure recovery, and drag character-
istics of the various inlets investigated were obtalned at a constant
bleed flow required for cooling purposes and equal to 0.1 of the rated
flow of engine B discussed in reference 5. The bleed flow ratios
reported hereln are expressed as (ms/mc)B, the ratio of the mass flow
of boundary-layer alr entering the ram scoop to thet which could be
handled by the ram scoop, based on the boundary-layer profiles obbtained
from the canopy survey and the areas of the ram scoop.

For the range of diffuser discharge Mach number investigated, no
pulsing was observed for any of the inlets.
DISCUSSION
Supersonic Mach Number Range

13°-R-0.44 inlet. - The serodynamic characteristics of the

13°-R-0.44 inlet are presented in figure 8. Also presented in figure 8
are the constant bleed flow ratiocs (ms/mc)B a8 well as the maximum

masgs flows that could enter the inlet. These maximum mass flows were

determined from the canopy flow conditions. The mass flow ratio mz/mo,p

is defined as the ratio of the mass flow passing through the inlet to
the mass Tlow in a free-stream tube area equal to the sum of the lip
and compression ramp projected areas.

2481
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Decreasing My resulted in slight increases in minimum total drag
coefficient. For any given M,, the drag increased as the inlet was
operated subcritically, which was caused primarily by the additive drag.
The pressure recoveries Pp/Py obtalned were comparable to those of

configuration B of reference 7, which was essentially a l/ 20 scale
version of the 13°-R-0.44 inlet tested in the Ames 8- by 8-inch super-
sonic tunnel. However, the pressure recoveries were considerably lower
then those of well-designed nose inlets. These low recoveries were
attributed to the boundary-laeyer air entering the inlet and to the
reacceleration of the flow along the curved surface of the ramp.

149-R-0.44 inlet. - To investigate the effect of the reacceleration
of the flow ahead of the inlet, a linear 14° compresslion ramp was
installed. The performance of the 14°-R-0.44 inlet 1s presented in
figure 9. The minimum dregs of the 14°-R-0.44 inlet were appreciably
higher than those of the 13°-R-0.44 inlet. A comparison of the critical
maess flows of the two inlets indlcated approximately 15 percent more air
spillage for the 14° remp inlet and therefore an increase in additive
drag. The higher spillage was associated with the increase in the
internal contrsction ratio from 1.10 to 1.21l. Some internal contraction
is inherent in the use of rounded 1lip inlets. The pressure recoveries
at any Mp mnear critical flow, however, were significantly improved
for ell Mp but were still well below the values obtained from well-
designed nose inlets.

Because the pressure recovery of g side inlet depends on the guan-
tity of boundary leyer removed shead of the inlet (reference 2) , the
bleed flow of the 14°-R-0.44 inlet was varied while the position of the
exit plug of the inlet was fixed at My of 0.255. The variation of
the inlet characteristics with bleed flow ratio (ms/mc)B at. My

of 2.0 is presented in figure 10. Increasing the bleed flow ratio from
0.23 to 0.78 resulted 1n an increase in pressure recovery from 71 to

77 percent. The mass flow of the inlet also increased with increasing
bleed flow while the total drag coefficient remained essentially con-
stant. Because of the choking in the constant area duct, the ram scoop
could operate at a maximum bleed flow rabtio of only 0.78.

Since the increased bleed flow removal ehead of the inlet increased
the pressure recovery of the inlet, the sides of the ram scoop of the
14° remp inlet were removed so that the ram scoop could operate only at
a bleed flow ratio (mg/m.)g of unity. Also, when the ram scoop sides
were removed, the -boundary-layer alr not regulred for cooling was able
to spill arocund and aft of the inlet. The corresponding changes of the
eir flow pattern into the ram scoops are shown in the schlieren photo-
graphs presented in figure 11. Removal of the sides elimingted the sub-
critical operstion of the boundary-layer ducts shown in figure ll(a.) .
The shock thickness in the photographs was caused by the fact that the
inlets were skewed to the plane of the schlieren mirrors.
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14°-R-0.44(0) inlet. - The performesnce of the 14°-R-0.44(0) inlet

1s presented in figure 12. Removal of the scoop sides slightly increased
the pressure recoveries at all free-stream Mach numbers and also the
mess flows of the inlet mz/mo,p. The drags, however, did not chenge

significantly from those of the 14°-R-0.44 inlet.

14°-R-0.80(0) inlet. - In an attempt to improve the pressure
recovery, the boundary-lsyer ram scoop height h was increased to
0.8 inch to obtaln h/8 of 1.0, and the sides of the ram scoops were
removed from the 14° ramp iniet so that (ms/mc)B = 1.0. A schlleren
photograph of the 14°-R-0.80(0) inlet (fig. 13) indicates that the
entire boundary leyer passed through the ram scoop. The characteristics
of the 14°-R-0.80(0) inlet are presented in figure 14. A comparison
with the 14°-R-0.44(0) inlet (fig. 12) indicates that at the critical
flow condition comparsble pressure recoverles were obtained at My

of 2.0, but that a slight gain was realized at My of 1.5. In the sub-
critical flow range, however, significant galns in pressure recovery
were obtained with complete boundary-layer removal. The increase in
the critical mass flows of approximately 6 percent at My of 2.0 and

7 percent at My of 1.5 over those of the 14°-R-0.44(0) inlet is asso-
clated with the decrease in the internal contraction ratio of the
14°-R-0.80(0) inlet. Increasing h/8 to 1.0, however, did not appre-
clably affect the minimum total drag coefficients.

A comparison of the characteristics of the 14°-R-0.80(0) inlet with
those of the 13°-R-0.44 inlet (fig. 8) indicated that at critical flow
conditlons an approximate 10 percent galn in pressure recovery was
obtained at Mb of 2.0 at the cost of a 41 percent increase in totel
drag coefficient of the model.

6°-R-0.80(0) inlet. ~ A 6° ramp angle was selected to simulate the
ramp position of a varieble geometry turbojet inlet operating at
of 1.5. Characteristics of the 6°-R-0.80(0) inlet with h/8 of 1.0 are
shown in figure 15. A comparison of the 6°-R-0.80(0) inlet with the
- 14°-R-0.80(0) inlet (fig. 14) indicates thet comparable peak pressure
recoveries were obtained at Mg of 1.5, bUt & higher peak pressure
recovery was realized with the l4°—R-O.80(O) inlet at Mg of 2.0. For
critical flow conditions, a slightly hilgher recovery was obtained with
the 6°-R-0.80(0) inlet at both Mg of 1.5 and 2.0. The total drag
coefficients of the 6°-R-0.80(0) inlet were considersbly lower than
those of the 14°-R-0.80(0) inlet becasuse of the decrease in air spillage
obtained with the lower internal contraction ratio of the 8°-R-0.80(0)
inlet (fig. 5).

14°-8-0.80(0) inlet. - Since the drag with a subsonic lip is rela-
tively high, the sharp 1lip inlet 14°-5-0.80(0) was designed end
investigated to determine the magnitude of the drag penalty with a

8%2
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subsonic lip inlet and the effect of the lip shape on the pressure
recovery. The characteristics of the 14°-8-0.80(0) inlet (h/8 = 1.0)
are presented in figure 16. For all the free-stream Mach numbers, pres-
sure recoveries comparable to those of the 14°-R-0.80(0) inlet (fig. 14)
were obtained, but the total drag coefficlents decreased to values
slightly lower than those of the 6°-R-0.80(0) inlet (fig. 15). This
decrease in drag was primarily caused by lncreasing the critical inlet
mess flow by eliminating the internsl contraction assoclated with the
subsonic lip. Most of the air spillage obtained with the sharp 1ip
inlet was due primerily to the two-dimensional ramp and shock configu-
ration ehead of the three-dimensional semicirculer cowl. However, &
relatively small part of the spillage resulted from the flow detachment
at the cowl 1lip. The spillage is shown qualitatively in the schlieren
photograph presented in figure 17.

Thrust parameter. - To compare the inlets Investigated, a thrust
parameter (Fn'D)/Fn,ideal can be selected for a particular installa-

tion. For this purpose, a turbojet engine (engine B of reference 5)
operating in the tropopause and having pressure ratlos of 1.42 and 1.87
at My of 2.0 and 1.5, respectively, was selected as the power plant.
The anslysis assumes an afterburner tempersture of 3900° R and a reex-
panding nozzle and that the inlet and diffuser discharge areas could be
adjusted to provide the necessary engline alr flow at the required 4if-
fuser discharge Mach number.

The varlation of the diffuser discharge Mach number Mz with the
thrust parsmeter (Fn‘D)/Fn,ideal’ which is defined as the ratio of the

thrust developed by the engine at the experimentally determined pressure
recoveries minus the forebody drag to the thrust developed by the engine
at a pressure recovery of 1.0, is presented in figure 18. At Mp of 1.5
and at an angle of attack of 39, the lowest value of peak thrust param-
eter (0.618) wes obtained with the instsllgtlon utilizing the

14°-R-0.80(0) inlet. Use of the 14°-5-0.80(0) inlet-engine combination
increased the pesk value of the thrust parameter to 0.696, which was a

12% percent improvement over that of the 14°-R-0.80(0) inlet installa-

tion. Since the pressure recoveries of the 14°-R-0.80(0) and the
14°-58-0.80(0) inlets were comparsble, the gain in performance was
attributed to the lower drag of the sharp lip inlet. This decrease in
drag represents a 7 percent increase in the idesl englne thrust.

With the 6°-R-0.80(0) inlet-engine combination,-the peak value of
the thrust parameter was 0.691. However, a comparlson of the perform-
ance of the 6°-R-0.80(0) inlet installation with those of the 14° ramp
configurations should not be made on the basis of the data presented in
figure 18(a) because of the significant change in drag which results by
scaling the 14° ramp inlets to a size that would satisfy the breathing
requirements of the engine operating at an My of 1.5. This change in
drag was not included in the date shown in figure 18(a).
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At My of 2.0 (fig. 18(b)), the performences of the inlets improved

considerably by increasing the boundery-layer removal. Included in fig-
ure 18(b) is the thrust parameter of the 13° ramp inlet with b/ of O
(designated 13°-R-0). The condition of h = O was obtained by the use
of fairings from the canopy surface to the boundary-layer ram scCOOpPSs.

The lowest thrust minus drasg was obtained with the 13°-R-0 inlet. The
130-R-0.44 inlet installation improved the performance by approximetely
17 percent. Changing the ramp angle to 14° resulted in an insignificant
gein in pesk thrust minus drag. In this case, the galn in thrust due

to the increase in pressure recovery was aspproximately equal to the
increase in spillage drag resulting from the higher internsl contraction.
Similarly, using the 14°-R-0.44(0) inlet resulted in a negligible increase
in performance over that of the 14°-R-0.44 inlet-engine combination. Use
of the 14°-R-0.80(0) inlet, however, resulted in a 21 percent increase
in peak thrust minus drag over that of the 14°-R-0.44 inlet installation
and a 24 percent galn over the 13°-R-0.44 inlet, thus indicating that

the 41 percent increase in model drag is more then compensated for by
the 10 percent galn in pressure recovery of the l4°-R-O.80(O) inlet.

A comparison of the pesk values of the thrust parsmeters of the
14°-R-0.80(0), the 6°-R-0.80(0), and the 14°-8-0.80(0) inlet-engine
combinations indicstes that the 14°~S-0.80(0) inlet installetion per-
formed approximately 15 percent and 9 percent better than did the
14°-R-0.80(0) and the 6°-R-0.80(0) inlet installations; respectively.
These improvements in performence are sttributed to the lower drags of
the 14°-S-0.80(O) inlet. The decrease in drag of the shaxrp lip inlet
represents a galn of 7 percent and 1 percent in ideal engine thrust over
that of the 14°-R-0.80(0) end the 6°-R-0.80(0) inlet-engine combinations,
respectively. The thrust mlnus drag of the 6°-R-0.80(0) inlet instal-
letion was spproximately 6 percent greater than that of the
14°-R-O.80(O) inlet installation because of the lower additive drag of
the 6° ramp inlet. -

Breakdown of pressure losses. - Since the pressure recovery is
relatively more important than the inlet drag in eveluating the perform-
ance of an inlet operating near the critical point, a breskdown of the
flow process was made to determine where the pressure losses occurred.
Figure 19 presents the variation with mass flow ratio at My of 2.0
of the losses shead of and behind the inlet measuring station for inlets
having a subsonlic cowl and for various amounts of boundary-layer removal.
The mass flow ratilo mZ/mcritical is the ratio of the mass flow entering
the inlet to the critical mass flow of the inlet. The 13°-R-0 inlet had
the highest entrance losses (fig. 19(a)) because of the high shock
losses and zero boundary-layer removal. Increasing boundary-leyer
removal to h/8 of 0.55 decreased the entrance losses at m.z/mcr of 0.95
from 0.36 to 0.255. Eliminating the reacceleration of the main stream
by replacing the curved compression remp with a linear 14° ramp

2481
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(h/B = 0.55) reduced the entrance losses from 0.255 to 0.11. Removal
of the entire boundery layer shead of the 14C ramp inlet did not appre-
cidbly affect the losses at mz/mcr of 0.85. However, gt lower mass

flow ratios, a significant decrease in total-pressure losses was
realized. Since the shock losses of the 6° remp were higher than those
of the 14° ramp , higher entrance losses were obtalned with the
6°-R-0.80(0) inlet than with any of the 14° ramp inlets.

The losses aft of the inlet measuring station APy_5/Py, which are
shown in figure 19(b), also decreesed with increasing h/8. By increas-
ing h/8 from O to 0.55, the losses of the 13° ramp inlet at
Mo/M... = 0.95 were reduced from 0.08 to 0.05. The losses of the 14° ramp
inlet with h/S of 0.55 were decreased from 0.17 to 0.14 by removing
the sides of the ram scoop. Increasing h/S to 1.0 resulted in a
reduction of the losses to 0.06. The 6°-R-O.80(0) inlet experienced
the lesst losses &ft of the inlet measuring station. These losses,
APl_Z/PO , were apparently dependent on the geometry of the diffuser and

the quantity of boundary-layer air entering the 1inlet.

The exit total-pressure contour msps of the inlets at a diffuser
discharge Mach number M, near the peak thrust minus drag condition,
which are presented in figure 20, show the nonuniform flow pattern &t
the diffuser discharge station. The high pressure regions for each
inlet were found between the 1 o'clock and 3 o'clock positions, which
correspond to that part of the inlet farthest from the body and the
compression remp. The low energy alr was locsted in the region between'
the 4 o'clogk and 10 o'clock positlons and coincides wlith the surface
which had the initiasl boundsry layer and with the surface which had the
grestest curvature in the subsonic diffuser (see fig. 3(a)). A low
energy region existed for the conditions of complete boundary-layer
removal sheed of the 14°-R-0.80(0) inlet (fig. 20(c)). A comparison of
the high and low pressure regions in figure 20(c) illustrates the effect
of curvature in the subsonic diffuser even though all surfaces had little
or no boundsry layer at the ehtrance of the inlet. However, the general
level of the total pressures was appreciably higher for the condition of
complete boundary-layer removel (fig. 20(c}) than for the condition of
incomplete removal (fig. 20(b)}.

Angle of Attack -

The characteristics of the 14°-R-0.80(0) inlet at My of 2.0 for
the angle of attack range are presented 1n figure 21. The absolute
values of the drag st angles of attack include the drag due to the
fuselage normal force and as such are not directly applicable to the
inlet except to indicate the megnitude of the additive drag at angles
of attack. Figure 21 shows that the loss in pressure recovery from o°
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to 9° was slight. Incressing the angle of attack from 9° to 12° resulted
in a large drop in pressure recovery. The other inlets investigated
exhibited similar cheracteristics and the data are tabulated in table I.

An explsnation of the insensitivity of the inlet pressure recovery
at angles of attack up to 9° is provided by the pressure survey on the
canopy ahead of the inlets. The results of the survey presented 1n fig-
ure 22 are plotted as contour lines of constant pitot pressure ratios
and estimated boundary-layer thicknesses & (dashed line) for the range
of angle of attack at a free-stream Mach number of 2.0. The meximum
boundary-layer thickness at 0° angle of attack was locsted at the bottom
corner of the inlet. Increasing the angle of attack resulted in a shift
of the maximum boundary-layer thickness to the top of the inlet because
of the cross flow effects. However, the average boundary-layer thickness
across the inlet did not increase significantly as the angle of attack
was increased to 9°. Increasing the angle of attack to 12° resulted in a
large increase in boundery-lasyer thickness end a breskdown of the flow
at the top corner of the inlet. It appears that at an engle of abttack
of 12° the separation lobes reported in references 8 and 9 for bodies
of revolution were definitely delsayed for this fuselage shape because
of the effective streamline cross section ahead of the inlets 1in the
cross flow direction. It is therefore belleved that the large decrease
in pressure recovery from 9° to 12° engle of attack was associsted with
the effective decrease in h/8; .. (reference 2).

The decrease in pressure recovery at angles of attack due to the
decrease in effective boundery-layer removel has been estimated and is
shown in figure 23 as the variation with angle of attack of the ratio
of the pressure recovery &t any angle of attack to the pressure recovery
at an angle of gttack of 3°. The reference curve, which represents the
loss ln pressure recovery due to incomplete removel of the boundary
layer, was obtalined from a plot of the effect of h/B on the pressure
recoveries of the 14° rounded 1ip inlets without ram scoop sides at an .
engle of attack of 3° and by estimating the effective h./Smax of the

inlete at angles of attack, based on the data shown in figure 22. The
recoverles used in figure 23 were those gt the diffuser discharge Mach
nunmber obtained at an angle of attack of 3° for the peak thrust minus
drag condition. The pressure recovery of the 149-5-0.80(0) inlet was
more sensitive to changes in angle of attack than was that of the .
14°-R-0.80(0) inlet. It is also evident from figure 23 that at angles
of attack, a large part of the losses in total-pressure recovery was
due to the decrease in effectlve h/smax'

The effect of angle of attack on the exit contour msps of the
14°-R-0.80(0) inlet is presented in figure 24. At O° angle of attack,
the high pressure region was found to exist at the outhoard side of the
inlet which was free of boundary-layer ailr. Increasing the angle of
attack resulted ln a movement of the high and low pressure fields in a
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counterclockwise dlrection. At an angle of attack of 6°, the high and
low energy reglons were found essentially at the sasme locations as
those at an angle of attack of 3°. At angles of attack of 9° and 129,
the low pressure flelds were located in & region (between the 2 o'clock
and the § o'clock positions) that corresponded to the bottom cormer of
the entrance sectlion and the surface having the greatest curvature

(Pig. 3(a)).

Subsonic Mach Number of 0.83

The pressure recovery and mass flow characteristics of the
14°-8-0.80(0) inlet at a free-stream Mach number of 0.63 are presented
in figure 25. The maximum mass flow ratio of the inlet, 1.090, which
is based on the minimum area of the inlet, 1s approximately 6 percent
lower than that theoretically possible. The decrease in mass flow ratio
is attributed to the effects of the vena contracta which forms at the
lip of the inlet. As would be expected, high losses in pressure recovery
occurred when the sharp 1ip inlet was operated at mass flow ratios
greater than unity. These characteristics indicste that if the power
rlant used with this inlet requires mass flow ratios grester than 1.090,
auxilisry intekes will be necessary to avoid severe performsnce
penalties.

Static Conditions, Mach Number of O

The 14°-R-0.80(0), 6°-R-0.80(0), and 14°-5-0.80(0) inlets as well
as a 69-8-0.80(0) inlet were tested at My of O to simulate the take-
off conditions. The variatlon of the inlet pressure recovery with dif-
fuser dlscharge Mach number is presented in flgure 26. Higher pressure
recoveries were obtained with the rounded-lip inlets than with the sharp-
1lip inlets. The pressure recoveries of the sharp-lip inlet glso
decreased faster with increasing Mp than those of the rounded-lip
inlets. As would be expected, the 6° ramp configurations had higher
pressure recoveries than the 14° ramp inlets because of the lower
entrence velocities of the 6° ramp inlets resulting from the larger
minimum areas.

SUMMARY OF RESULTS
The results of the experimentsl investigstion of side inlets
with semicirculsr cowls utilizing two-dimensional compression ramps and

boundary-layer removal and mounted in a distorted flow field on a pro-
posed airplane fuselage are:
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1. Increasing the amount of boundary-layer removal ghead of the
14° ramp inlets resulted in a substantlal gain in pressure recovery with
a slight effect on drag. With a typical engine opersting at a free-
stream Mach humber of 2.0, the increase in pressure recovery of the
14°-R-0.80(0) inlet over that of the 14°-R-0.44 inlet represented a
21 percent gain in the thrust minus drag.

2. The change in boundary-layer thickness sghead of the compression
ramp largely accounted for the loss 1n total pressure at angles of
attack.

2481

3. At an angle of attack of 3° and a free-stream Mach number of 2.0,
en improvement was realized in the performence of the 14°-8-0.80(0) inlet
over the performasnces of the 6°-R-0.80(0) and the 14°-R-0.80(0) inlets
because the drags of the sherp 1lip inlet were lower than the drags of
the rounded lip inlets, whereas the pressure recoveries of the three
inlets were comparsble. The higher drags of the rounded subsonlc lip
inletes resulted from the inherent internsl contraction which caused
excesglve alr splllage and s detached shock at the cowl lip. At a free-
stream Mach number of 1.5, the increase in drag of the 14°-R-0.80(0) inlet
penalized its performance. However, the rounded subsonic lip inlets per- -
formed much better than the sharp 1lip inlets at the teke-off condlitions.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Chilo
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TABLE I - AERODYNAMIC CHARACTEFISTICS OF INLETS AT ANGLES OF ATTACK

Free-stream Mach

nurber Mp, 2.0

Fres-~stream Mach number

My, 1.5

13°-K-0.44 1inlet 14°-R-0.44 inlet 14°-R-0.44{0) 1inlet 142-3-0.80(0) 1inlet 8°-%-0.680(0) inlet
My |Pa/Po|'l9/mo,p| Cp | % |Pa/1’o |“a/mo,pl o | M |Pa/1’o|ma/mo,p| Cp | Mz lPa/Pol'a/'o.pl Cp | M2 Fa/Polma/mo,yJ Cp
Angle of attack a, O° Angls of atteck g, O°
5.488)0.625| 0.833 [ 9.0874|0.429(0.563] 0.708 | 0.1125[0.428|0.570] 0.751 | 0.1265/ 0.357[0.648] 0.986 | 0.0334|0.4685|0.743| 0.752 | 0.1148
3271 ,740 737 | .1189| .358| “.648| .700 | .1313] .358| .se0| .729 | .l434| .335| .700| .983 | .0%08| .409| .788| .745 | .11é8
.282| .784| .88 | ,1393| .326| .697| .s98 | .1z18| .327| .708| .726 | .1434] .282| .78%|- .57 | .o¢s0| .3%0| .a47| .7a1 | .1248
285 ./74| .617 | ~.1639| .2ea| .755)| - .865 | .1e7e| .2a%| .7181| .708 | .l3m8| .285| .a 944 .1,055 .54 .pss| .736 | .1300
209 .779| .561 | .1708| .2sal .789|'.s29 | .1405| .187| .es39| .51¢ | .1971| .2es| .87 .868 | .1207| .30L| .9s5| .676 | .1405
188 .778| .463 | .1970| .228| .817| .ss6 | .1se5| 149 .@31} .40v | .22e4| .1m7| .e66| .75 | .1458| .267| .971| .610 | .1574
.1e8| .827] .a04 | .1908 .149| .860| .568 | .1780 .2R0| .977| .s12 | .1778
149 .823 | .zo4 | 2233
Angle of attack a, 3° Angle of attack a, 3°
0.466/0.606] 0.806 [0.0899|0.326]0.665] 0.675 |0.1230[0.425]0.559] 0.719 |0.1185|0.357]0.644| 0.980 | 0.0857]|0.466]0.748] 0.751 |0.1149
.391| .684| .794 | .0979| .429| .s:8| .8s¢ | .1132| .s558[ .8a8f .716 | .1347| .328| .69a| .952 | .o9zs| .3po| .es1| .7a1 | .1286
227 718 711 ] .1208| .=s9| .e26| .&78 | .1260f .327| .se6| .704 | .1341] .os2| .78a| .s51 | .o¢s0| .356| .955] .13 | .1s1e
282 735 .6e3 ] .1418' .284| .721| .e35 | .1eie| .2e3| .7s3| .esp | .1308| .25s| .e35| .920 | .1049] .301| .sE2| .674 | .1lam
.255| .74l| .B94 | .1582| .284( .748) .u9e | .13%4| .255( .773| .&33 | .1e28| .241| .882| .me2 | .1125| .267| .969| .609 | .1568
Jles| .731| .438 | .1957| .228| .762| .546 | .1540| .229| .786y .581 | .1l603| .ees| .eeS| .eso | .119s| .220| .9m1| .s08 | .1778
.188| .765| .458 { .1831| .187| .78e{ .85 | .1895| .187| .872| .719 | .1aS58
149 .734| .351 | .2o88| .149| .773| .379 | .2145| .149| .8s2| .s568 | .1790
Angle of attack a, 6% Angle of attack 3, §°
0.466/0.6808| 0.807 |0.1080|0.429]0.557 | 0.872 {0.128% [0.358 |0.848| 0.715 [0.1498(0.357{0.545| 0.954 |0.0as1[0.590]0.852| 0.744 |0.1458
591 .e66| .773 | .11£5| .358| .624 | .E7¢ | .14a0| .327| .694| .712 | .1487| .325; .690] .980 | .1020{ .3%6] .851| .732 | .1481
.327| .700| .696 | .1311| .s25| .865| .664 | .1la45| .283| .749| .78 | .1458| .202| .772| .9%6 | .10%0| .301| .961| .672 | .1568
.255/ .735| .586 | .1855| .=84) .717| .832 | ,1428| .255| .770| .631 | .1m62| .25%| .ex5| .00 | .11ee9| .267| .sea| .so08 | .1726
229 71| .&33 | .1ms| .gs»x L1481 .596 | .1558( .288| .79I| .565 | ..17h4| 228 .849| .844 | .1335| .220| .973| .509 | .184l
.1sa] .739] .441 | .2068) .228| .769| .553 | .I74e@) .Le7| .805| '.494 | '.2007] .187] .871] .79 | .159% : o
.la8| .784| .488 | .2082) .J49| .787| .385 | .2250| .1¢8( .865] .571 | .1906
.48 776 | .372 | .2387 .
Angle of attack a, 9° Angle of attack g, 9°
0.46810.587| 0.782 [0.1288/0.429]0.517 | 0.548 10.1562|0.420 [0,545] 0.702 |0.1587(0.357(0.558] 0.950 }0.1288|0.380|0.847] 0.740 |0.1720
.591) .e27| .728 | ,i3i6] .358) .606) .s5¢ | .17x1| .358] .831| .69¢ | .1737] .3¢5] .s8L] .s38 | .12ea) .336] .942| .72¢ ] .1872
.327| .e59| .6%6 | .1527] .3e8| .sa0| .e33 | .1e78| .327| .577| .594 | .1714| .282| .756| .15 | .1376| .301| .o58| .s89 | .1877
.255( .581| .542 { .1875| .284| .6%0| .06 | .1698| .283| .735| .861L | .1768| .255| .798| .@eL | .l4mn| .267| .983| .605 | .2017
.229| .68v| .494 | .2027| .=s4| .713) .58 | .1e1e| .255; .751| .614 | .1B1B| ,228| .s2s| .m18"y .1615| .=220| .967| .Z06 | .2245
.20¢| .692| .47 | .2158| .228| 731 | .55 | .1994| .229| .787| .o86 | .1958| .187| .8d4| .697 | .1877
.188| 744 [ 445 | .1743| .187| .781| .479 | .2233| .149| .867| .572 | .e169
Angle of attack o, 12° Angle of attack o, 12°
0.466[0.551[ 0.734 (0.1643{0.429{0.480 | 0.601 [0.2006]0.429)0.494| 0.634 Jo.19¢7]0.357]0.595] 0.882 [0.1533|0.590]0.833] 0.728 [0.2154
.591| .s8%] .678 | .1660| .358| .559| .604 | .2012| .z58] .588| .649 | .2070| .s2s5| .s41]| .es1 | .1588| .Z38| .914| .704 | .2163
.527| .01 .se8 | .1a870| .z26| .598| .s95 | .1954| .327| .6e4| .638 | .2017| ..282| .700| .s48 | .ie97| .301| .939| .858 | .2e85
.256| .594] .475 | .2138| .284| .839) .563 | .p084| .283) .678] .511 | .2064]| .es5) .722| .804 | .1831) .287| .944] .594 | .2443
233 .s590| .a433 | .2220| .2%4| .6S5| .522 | .=2200| .25%| .887| .582 | .21e6| .228] .750| .745 | .1938| .220| .941| .493 | .2841
.228| .660| 474 | .2303| .228| .eB2| .504 | .2306} .187| .767| .632 | .2183| .Z64| .B78| .723 | .21%4
.188| .649| .se8 | .2472| .187( .884) .406 | .2815| .149] .773| .510 | .2408
. L 3 ] H
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Figure 1. - Photograph of model rotated 56°.
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exit rake
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r7—2ZZZ [ [ [/ 4
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3
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%
2.13 diax.
/ 7 17 —x
(2) Cross-sectional view of inlet.
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.75] .243] .189
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(b) Rounded subsonic cowl 1ip.
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(c) sharp supersonic cowl 1ip.

Figure 3. - Inlet-configurations designed to operate at free-stream Mach number of 2.Q.
(A1l dimensions are in inches.)
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Schematic diagrem of flow angle wedges
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Side view

installed on canopy surface

. Flgure 6. ~ Fiow deflection angles ahead of left inlet.
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Inlet flow approach angla £ and Mach number M, determined g

from canopy wedge bar instrumentation -
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Figure 7. - Total-pressure survey upstresn of inlets at angle of attack of 30. a4
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Figure 8. ~ Aerodynamic characteristics of 13°-R-0.44 inlet for range of free-stream
Mech number at angle of attack of 3°.
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() 14°~-R-0.44(0) inle'b.'

C-28984

Figure 11, - Schlieren photographs of 14° rounded lip inlets at free-stream Mach number of
2.0 and angle of attack of 3°, Diffuser discharge Maoh number, 0,255, i
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C-28982

Figure 13, - Sohlleren photograph of 14°-R-0.80(0) inlet at free-stream Mach number of 2.0
end angle of attack of 3°, Diffuser discharge Mach number, 0.255.
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Figure 17, - Schlieren photograph of 14°-S-0.80(0) ramp inlet with extended supersonioc B )

cowling at free-stream Mach number of 2.0 and angle of attack of 3°. Diffuser dis-

charge Mach number, 0.255.
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Figure 18. - Thrust parameter of inlet-engine combination at angle of attack of 3%,
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Figure 19. - Breakdown of total-pressure losses &t free-siream
Mach number of 2.0 and angle of attack of 3°.
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{a) 13°-R-0.44 inlet;

(b) 14°-R-0.44 inlet;
masa flow ratio, 0.711,

\ mess flov ratio, 0.586.

(c) 14°-R-0.80(0) inlet;
maga flow ratio, 0.718,

Tigure 20, - Typleal sxit total-pressure contour maps &t fres-stream Mach mumber of 2.0 and
angle of sttack of 3°, Diffuser diecharge Mach mumber, 0.255.
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Figure 21. - Aerodynemic characteristics of 14°-R-0.80(0) inlet for range
of angle of attack at free-stream Mach number of 2.0.
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Figure 23. - Effect of change in boundary-layer thickness on total-pressure

recovery at angles of attack and et free-stream Mach number of 2.0.
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Figure 24. - Bxit total-pressure contour maps of 14°—E-O.80(0) inlet for range of angle of atitack
at free-stream Mach number of 2.0.

Diffuser discharge Mach mmber, 0.255 (view looking aft).
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Figure 25. - Aerodynamic characteristics of 14°-8-0.80(0)
inlet with extended supersonic cowling at free-stream
Mach number of 0.863 and angle of attack of 3°.
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Figure 26. - Totel-pressure recoveries of inlets with supersonic and
subsonic cowllings at free-stream Mach number of O.
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